Abstract. Tyrosine kinase inhibitors (TKIs), including imatinib, dasatinib and nilotinib, are effective forms of therapy for various types of solid cancers and Philadelphia chromosome-positive (Ph + ) chronic myeloid leukemia. A number of TKIs have been known to have strong effects on T cells, particularly cluster of differentiation (CD) 4 + CD25 + T cells, also known as regulatory T cells (Tregs). There is currently a deficit in the available clinical data regarding this area of study. In the present study, a total of 108 peripheral blood samples were collected from patients with chronic myeloid leukemia (CML) at diagnosis (n=31), and at 3 and 6 months following treatment with TKI [imatinib (n=12), dasatinib (n=11) and nilotinib groups (n=8)] and healthy controls (n=15). Peripheral blood mononuclear cells were collected from the patients prior to and following TKI treatment. The subtype and number of T lymphocytes in patients and healthy donors were analyzed using flow cytometry. Additionally, flow cytometry and ELISA were used to detect the proliferation and suppression of Tregs. Expression of cytokines and other molecules [forkhead box P3 (FOXP3), glucocorticoid-induced tumor necrosis factor receptor (GITR) and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)] were also analyzed at 3 and 6 months following treatment with TKIs. It was indicated that, at diagnosis, a similar number of lymphocytes were detected in patients and control. However, following treatment with a TKI, the number of total T cells, Tregs, CD4 + T and CD8 
Introduction
The development of tyrosine kinase inhibitors (TKIs) targeting the breakpoint cluster region (BCR)-Abelson kinase 1 (ABL1) oncoprotein has changed the landscape of treatment of chronic myeloid leukemia (CML). In addition to targeting BCR-ABL1, TKIs also affect other important signaling pathways including the c-ABL, cellular mast/stem cell growth factor receptor Kit and platelet-derived growth factor receptor signaling pathways. Compared with imatinib, dasatinib, as a second-generation TKI, inhibits a broader range of tyrosine kinases, including proto-oncogene tyrosine protein kinase Src (Src), tyrosine protein kinase Tec, ephrin type-A receptor 1, and other TKIs have important roles in regulating various cellular functions (1, 2) . Leukocyte C-terminal Src kinase (Lck) and tyrosine protein kinase Fyn (two members of the Src kinase family) are involved in the early steps of T-cell receptor (TCR) activation. A previous in vitro study has suggested that Lck is more important in TCR signaling (3) . Therefore, it is not surprising that TKIs are able to affect immune reconstitution as well as proliferation, function and activation of T cells.
T lymphocytes are intimately involved in the pathophysiology of autoimmune diseases, graft-vs. -host disease (GVHD) and the graft-versus leukemia (GVL) effect. Cluster of differentiation (CD) 4 + CD25 + T cells (regulatory T cells or Tregs) are a subset of T lymphocytes, which have a crucial role in homeostasis for peripheral T-cells as well as the maintenance of immune tolerance, particularly following allogeneic hematopoietic stem cell transplantation (allo-HSCT) (4) (5) (6) . The modulation of Tregs may be a novel means for treating autoimmune diseases, including GVHD and GVL, as well as (7) (8) (9) (10) . There are two therapeutic options available to patients with CML, who relapse following allo-HSCT: Donor lymphocyte infusion and treatment with TKIs (11, 12) . The combination of these treatments has yielded contradictory results in clinical studies (13) . An improved understanding of the effect of TKIs on the biological characteristics of Tregs is important for the development of clinical applications. Recent studies have indicated that the mechanism of suppression performed by Tregs can be divided primarily into two aspects: i) Cell-cell contact dependent mechanism; and ii) regulation by secretion of suppressive cytokines (14) . A number of vital surface molecules are involved in the suppressive function of Tregs, including forkhead box P3 (FOXP3), cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), tumor necrosis factor receptor (GITR), transforming growth factor (TGF)-β, latency-associated peptide, CD4-related lymphocyte-activation-gene-3, galectin-1 and CD39. Furthermore, Tregs are also able to exhibit an immune suppressive role via the production of interleukin (IL)-10, TGF-β, IL-4 and other cytokines.
In vitro studies have demonstrated that treatment with imatinib, dasatinib and nilotinib have inhibitory effects on proliferation, suppressive capacity and cytokine secretion of Tregs from healthy donors (15) (16) (17) . However, deficits in our knowledge remain concerning the effects of imatinib, dasatinib and nilotinib treatment on Tregs in patients with CML, particularly on the changes in Tregs in vivo and on functional analysis of Tregs during long-term treatment with TKIs.
To address these issues, in the present study, the quantity and function of Tregs in patients with chronic-phase CML (CML-CP) at the time of diagnosis and during treatment with TKIs were evaluated.
Patients and methods
Patients. The inclusion criteria for the present study were: i) Diagnosis of CML-CP, patients undergoing treatment with one type of TKI (imatinib, dasatinib or nilotinib); ii) patients in the novel diagnostic-phase and not under treatment of CML-associated drugs, including hydroxyurea or TKIs; iii) preserved functioning of major organs (lung, liver, heart and kidney) in patients; iv) patients not undergoing treatment with immunomodulators; and v) written informed consent from patients. The exclusion criteria were: i) Presence of multiple tumors; ii) pregnant women and juveniles (age <18 years); and iii) exclusion from enrollment at the discretion of the physician.
The present study was performed in accordance with a protocol approved by the Ethics Committee of Nanfang Hospital (Guangzhou, China) according to The Declaration of Helsinki. Written informed consent was obtained from each participant prior to sample collection. A total of 108 peripheral blood (PB) samples were obtained from participants between July 2014 and July 2015. Samples were taken from patients at the time of diagnosis (n=31), and at 3 and 6 months while treated with a TKI. TKI-treated patients with CML were divided into three groups: Imatinib (400 mg/day; n=12), dasatinib (100 mg/day; n=11) and nilotinib (300 mg twice daily; n=8). All TKIs were administered orally. The doses of TKIs were decreased according to any side effects or toxicity.
A series of PB samples were taken from healthy volunteers (n=15) to serve as the control group. 5 ) were co-cultured in 96-well flat bottom plates, in triplicate. After 72 h of anti-CD3 and anti-CD28 treatment as previously described, the percentages of CFSE positive cells were calculated by MACS Quant flow cytometry. Isolated CD4 + CD25 -T cells were labeled with CFSE as aforementioned. CD4 + CD25 + T cells were stimulated with 300 U/ml IL-2 for 24 h. Subsequently, the CD4 + CD25 + T cells were incubated with CD4 + CD25 -T cells for 4 days in the presence of anti-CD3 and anti-CD28 antibodies, as previously described, at a ratio of 1:1.
Cytokine analysis. Purified CD4 + CD25 + T cells were incubated with anti-CD3 antibody, anti-CD28 antibody and IL-2, as previously described, for 4 days. On the last day of culture, the supernatants were collected and stored at -70˚C. The levels of IL-4, IL-10 and TGF-β were measured using ELISA kits (Human IL-4 ELISA kit, cat. no, 550614; human IL-10 ELISA set, cat. no. 555157; human TGF-β1 ELISA set cat. no. 559119; all from BD Pharmingen, San Diego, CA, USA), according to the manufacturer's protocol. Table I . All patients in the imatinib treatment group (n=12) were only treated with imatinib. By contrast, 5 of the patients in the dasatinib treatment group (n=11) were resistant or intolerant to imatinib and switched to dasatinib. The remaining 6 patients were only treated with dasatinib. In the nilotinib treatment group (n=8), 4 patients switched to nilotinib treatment due to resistance or intolerance to imatinib, and the remaining 4 patients were treated only with nilotinib. All patients were in complete cytogenetic remission [as defined by European LeukemiaNet (ELN) recommendations (18) ] at the time of sampling.
Flow cytometric analysis of GITR and FOXP3 in

Analysis of lymphocytes in patients during treatment with
TKIs. At the time of diagnosis, the patients from all treatment groups exhibited a significantly lower median proportion of lymphocytes compared with healthy controls (8 vs. 29%; P<0.0001; Fig. 1A ). There were no significant differences in median absolute lymphocyte numbers between diagnostic-phase patients and healthy controls (Fig. 1B) . Patients in the TKI treatment groups had an increased proportion of lymphocytes compared with newly diagnosed patients with CML (25,45 and 25 vs. 8%, for imatinib, dasatinib and nilotinib, respectively, P<0.0001, Fig. 1A ). However, following TKI treatment, the median lymphocyte counts in the TKI treatment groups were significantly decreased compared with diagnostic-phase patients (1.18, 1.48 and 1.15 vs. 2.97x10 9 cells/l, for imatinib, dasatinib and nilotinib, respectively, P<0.0001, Fig. 1B) . Additionally, there were no significant differences between the three TKI treatment groups in terms of median proportion and absolute numbers of lymphocytes ( Fig. 1A and B) .
Analysis of CD4
+ T cells, CD8 + T cells and CD4/CD8 in patients treated with TKIs. The (median) proportion of CD4 + T cells in lymphocytes were comparable among the diagnostic-phase patients, healthy donors, and imatinib and nilotinib treatment groups (Fig. 1C) . By contrast, the median proportion of CD4 + T cells in patients in the dasatinib treatment groups was markedly decreased compared with newly diagnosed patients or healthy controls (33, 43 and 45%, for dasatinib, at diagnosis and control, respectively; P=0.0167). The proportions of CD4 + T cells were similar among the three TKI treatment groups (Fig. 1C) . In terms of median absolute counts of CD4 + T cells, patients in the imatinib, nilotinib and dasatinib treatment groups exhibited significantly decreased CD4 + T cells compared with diagnostic-phase patients and controls (0.43, 0.38, 0.48, 1.23 and 1.13x10 9 cells/l, for imatinib, dasatinib, nilotinib, at diagnosis and control, respectively; P<0.0001; Fig. 1D) . Notably, the (median) proportions of CD8 + T cells in lymphocytes were similar among all groups (Fig. 1E) . The median CD8 + T cells counts of the patients in the three TKI treatment groups were decreased compared with patients at diagnosis and in the control groups (0.64, 0.84, 0.63, 1.72 and 1.54x10 9 cells/l, for imatinib, dasatinib, nilotinib, at diagnosis and control, respectively; P<0.0001; Fig. 1F ). With the exception of the decreased CD4/CD8 ratio of the dasatinib treatment group, the CD4/CD8 ratios of other groups were similar and close to normal levels [normal levels, 1.82±0.39 (1.18-2.6); 1.15 vs. 1.89, 1.66, for dasatinib, at diagnosis and control, respectively; P=0.0197; Fig. 1G ].
+ CD25 + T cells in CML patients treated with TKIs. To assess whether imatinib, dasatinib, nilotinib have different effects on CD4 + CD25 + T cells, the (median) proportions and absolute numbers of CD4 + CD25 + T cells in patients in the TKI treatment groups were analyzed. The imatinib and nilotinib treatment groups exhibited increased (median) proportions of CD4 + CD25 + T cells compared with the dasatinib treatment group, the newly diagnosed group and the control (5.8, 4.7, 2.9, 3.5 and 3.9%, for imatinib, nilotinib, dasatinib, at diagnosis and control, respectively; P<0.0001; Fig. 1H ).
For patients in the imatinib treatment group, the median proportion of CD4 + CD25 + T cells increased at 3 months following treatment and subsequently decreased to diagnostic level at 6 months ( Fig. 2A) . However, for patients in the dasatinib treatment group, a decrease in the median CD4 + CD25 + T cells proportion was observed at 3 months following treatment, and the decrease was significant at 6 months (3.9 vs. 2.0%, for at diagnosis and 6 months, respectively; P=0.0009; Fig. 2B ). No significant increase was identified in the median proportion of CD4 + CD25 + T cells in the nilotinib treatment group between 3 and 6 months following treatment (Fig. 2C) .
Furthermore, median absolute numbers of CD4 + CD25 + T cells in the three TKI treatment groups decreased significantly between 3 and 6 months following treatment compared with at diagnosis (P<0.0001, P<0.0001 and P=0.0004, for imatinib, dasatinib and nilotinib, respectively; Fig. 2D-F) .
Proliferation and suppressive capacity of CD4 + CD25 + T cells in patients treated with TKIs.
As demonstrated by proliferation assays, the proportion of proliferating CD4 + CD25 + T cells in the three TKI treatment groups and healthy controls were increased following stimulation with anti-CD3, anti-CD28 and IL-2 ( Fig. 3A-C) . No differences were observed in the median proportion of proliferating CD4 + CD25 + T cells between diagnostic-phase CML patients and controls (Fig. 3A-C) . In the imatinib treatment group, the median proportion of proliferating CD4 + CD25 + T cells at 3 and 6 months following treatment were decreased compared with healthy donors (P=0.0003; Fig. 3A) . However, no significant differences were identified in the median proportion of proliferating CD4 + CD25 + T cells between patients in the imatinib treatment group and at the time of diagnosis (Fig. 3A) . In the dasatinib treatment group, the median proportion of proliferating CD4 + CD25 + T cells at 3 months following treatment was significantly decreased compared with the control (P<0.0001). Furthermore, the median proportion of proliferating CD4 + CD25 + T cells at 6 months following treatment was significantly decreased compared with the diagnostic-phase group and the control Fig. 3C ). However, no significant differences were identified in the median proportion of proliferating CD4 + CD25 + T cells between 3 and 6 months following treatment in all three TKI treatment groups (Fig. 3A-C) .
To further investigate the effect of imatinib, dasatinib and nilotinib treatment on the suppressive capacity of the CD4 + CD25 + T cells, CD4 + CD25 + T cells from patients with CML treated with TKIs were incubated in the presence of IL-2 prior to being co-cultured with CD4 + CD25 -T cells at a ratio of 1:1. Following incubation, the median proliferation proportion of CD4 + CD25 -T cells was analyzed using flow cytometry (Fig. 3D) . In the imatinib treatment group, imatinib treatment was able to inhibit the suppressive capacity of the CD4 + CD25
+ T cells at 6 months following treatment (P<0.0001; Fig. 3E ).
In dasatinib treatment group, there was a significant inhibitory effect of dasatinib between 3 and 6 months following treatment (P=0.0003; Fig. 3F ). Notably, nilotinib did not abrogate the suppressive capacity of CD4 + CD25 + T cells (Fig. 3G) .
Analysis of cytokines secreted by CD4 + CD25
+ T cells from patients treated with TKIs. The median concentrations of IL-4, IL-10 and TGF-β secreted by CD4 + CD25 + T cells from diagnostic-phase patients were comparable with those of healthy controls (Fig. 4A-I) . During imatinib and dasatinib treatment, the production of cytokines was significantly inhibited to various degrees (Fig. 4A, B, D, E, G and H) . Nilotinib treatment was able to significantly inhibit the secretion of IL-10 and IL-4 but not that of TGF-β (Fig. 4C, F and I) . Additionally, no significant difference was identified in the median cytokine concentration detected between 3 and 6 months following treatment (Fig. 4A-I) .
Expression of CD4
+ CD25 + T cell-specific molecules in patients treated with TKIs. The median expression levels of FOXP3, GITR and CTLA-4 in patients at the time of diagnosis were similar to those of the controls (Fig. 5A-I ). In the imatinib and dasatinib treatment groups, the median expression of FOXP3, GITR and CTLA-4 decreased between 3 and 6 months following treatment compared with patients at diagnosis and healthy volunteers (Fig. 5A, B, D, E, G and H) . In the nilotinib treatment group, the median expression of GITR and CTLA-4 significantly decreased at 6 months following treatment compared with diagnostic-phase patients (P<0.0001 and P=0.004, respectively; Fig. 5F and I) . However, nilotinib did not significantly inhibit the expression of FOXP3 (Fig. 5C ).
Discussion
The clinical benefits obtained with TKIs in the treatment of solid cancers and Philadelphia-positive (Ph + ) CML have led to a new era in oncology, creating possibilities for advances in tumor-targeted therapies (19) . TKIs are usually tolerable to the patient (relative to other forms of therapy), and therapy discontinuation due to side effects is uncommon. Although for the majority of the time TKIs are well-tolerated, they are not entirely selective for oncogenic kinases (20) . Therefore, long-term off-target effects in normal cells and tissues may occur. Recently, a number of in vitro studies have investigated the inhibitory effects of TKIs on immune response. Treatment with imatinib and dasatinib has been demonstrated to reversibly inhibit T-cell proliferation in vitro, and the effect of dasatinib treatment is greater than that of imatinib (21, 22) . Treatment with dasatinib was able to inhibit LCK at low concentrations. By contrast, higher concentrations of imatinib were required to be effective (23) . Furthermore, treatment with nilotinib inhibited T cells approximately twice as markedly as imatinib (24) . Therefore, dasatinib and nilotinib have been suggested to be potent T cell activation inhibitors.
In the present study, patients with CML had similar absolute numbers of lymphocytes compared with healthy donors. During treatment with TKIs, the absolute number Tregs constitute a naturally occurring subpopulation of T cells with immunosuppressive capacity. Consistently, the results of the present study indicated that imatinib dasatinib and nilotinib attenuate the quantity of Tregs from patients with CML. In the present study, a number of patients in the imatinib and nilotinib treatment groups exhibited increased proportion and absolute numbers of Tregs compared with those in the dasatinib treatment group. Previous studies have indicated that increased numbers of Tregs in tumor tissue are associated with an improved prognosis (25) . TKIs have been reported to be able to affect the quantity of Tregs and their function. As an indispensable molecule, which mediates suppression, FOXP3 is highly expressed in Tregs (26) . When FOXP3 genes mutate, the probability of the occurrence of autoimmune diseases and/or allergies increases (27, 28) . In humans, FOXP3
high CD-25 high CD4 + T cells have marked suppression, and this is accompanied by high levels of CTLA-4 expression, which may be promoted by FOXP3 (29) . Results from prior experiments have demonstrated that anti-GITR antibodies may reverse the suppressive effects of Tregs in vitro and indicated that GITR exerts an important effect on the function of Tregs (30) . Apart from being dependent on cell-to-cell contact, Tregs also exhibit immunosuppressive activity by secreting suppressive cytokines, including IL-4, IL-10 and TGF-β. Inhibition of the IL-10 receptor and the neutralization of TGF-β are also able to abolish Treg-mediated inhibition of autoimmune disease (31) . Taken together, cytokines and molecules expressed on the cell surface of Tregs synergistically contribute to their suppressive functions (32) . Therefore, it is necessary to detect suppressive cytokines and key suppressive-associated molecules in order to comprehensively evaluate the effect of TKIs on functions of Tregs.
In the present study prior to treatment with TKIs, Tregs from patients with CML-CP have similar levels of proliferation, suppression, concentrations of suppressive cytokines (IL-4, IL-10 and TGF-β) and cell-specific molecules (FOXP3, GITR and CTLA-4) compared with healthy donors. During treatment with TKIs, cytokines and the expression of cell-specific molecules of Tregs in the imatinib and dasatinib treatment groups decreased to different degrees. The inhibitory effect of imatinib and dasatinib treatment on Tregs was observed for 3 months after treatment. The results of the present study have demonstrated that the inhibitory effects of imatinib and dasatinib treatment remain for up to 6 months. By contrast, the inhibitory effect of nilotinib treatment on Tregs was not significant.
The results of the present study differ from a previous study, which demonstrated that nilotinib treatment was more potent compared with imatinib treatment in its inhibition of T cells (24) . The discrepancy may be due to factors, including, but not limited to, differences in the treatment dosage and duration of TKIs, individual drug metabolism and the in vivo environment. The inhibitory effects of imatinib and dasatinib treatment may impair the immunosuppressive role of Tregs, which in turn may induce a relative immune hyper-reactivity. It should be noted that careful follow-up is warranted in patients with impaired Tregs to prevent the possibility of autoimmune diseases.
In conclusion, TKIs exhibit different off-target effects in T lymphocytes, particularly Tregs in patients with CML-CP. The results of the present study have demonstrated that imatinib and dasatinib treatments have more marked inhibitory effects on the number and functions of Tregs compared with nilotinib treatment. These results indicate that personalized treatment and follow-up are warranted. The immune system is relevant for infection control and for the mediation of tumor cell expansion. In the near future, strategies may be developed for controlling CML by combining TKIs with adoptive immunotherapy.
